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Abstract
High-temperature coatings are critical to the future power-generation systems and industries.
Thermal barrier coatings (TBCs), which are usually the ceramic materials applied as thin coatings,
protect engine components and allow further increase in engine temperatures for higher efficiency.
Thus, the durability and reliability of the coating systems have to be more robust compared to current
natural gas based engines. While a near and mid-term target is to develop TBC architecture with a 1300
°C surface temperature tolerance, a deeper understanding of the structure evolution and thermal behavior
of the TBC-bond coat interface, specifically the thermally grown oxide (TGO), is of primary
importance. In the present work, attention is directed towards yttria-stabilized hafnia (YSH) coatings on
alumina (α-Al2O3) to simulate the TBC-TGO interface and understand the phase evolution,
microstructure and thermal oxidation of the coatings. YSH coatings were grown on α-Al2O3 substrates
by sputter deposition by varying coating thickness in a wide range ~30-1000 nm. The effect of coating
thickness on the structure, morphology and the residual stress has been investigated using X-ray
diffraction (XRD) and high resolution scanning electron microscopy (SEM). Thermal oxidation
behavior of the coatings has been evaluated using the isothermal oxidation measurements under static
conditions. X-ray diffraction analyses revealed the existence of monoclinic hafnia phase for relatively
thin coatings indicating that the interfacial phenomena are dominant in phase stabilization. The
evolution towards pure stabilized cubic phase of hafnia with the increasing coating thickness is
observed. The SEM results indicate the changes in morphology of the coatings; the average grain size
increases from 15 to 500 nm with increasing thickness. Residual stress was calculated employing XRD
using the variable ψ-angle. Relation between residual stress and structural change is also studied. The
results obtained on the thermal oxidation behavior indicate that the YSH coatings exhibit initial mass
gain in the first 6 hours and sustained structure for extended hours of thermal treatment.
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Chapter 1: Introduction
Energy is a vital component of our everyday needs and has a substantial impact on our economy,
environment, national security, and health programs. However, the projections indicate that meeting the
rapidly growing energy-demand is not attainable in the near future. Energy consumption in the world
has reached unimaginable levels, and the necessity of clean and efficient ways to produce power is
increasing more and more every day. Therefore, one of grand challenges facing the scientific and
engineering community in the 21st century is the discovery, design and development of new materials
and systems to meet the requirements of current and future energy needs.
According to the Carbon Dioxide Information Analysis Center (CDIAC) in 2008 the U.S. was
ranked as the world’s largest second national source of carbon dioxide (CO2) emissions behind China
with 1.55 billion metric tons of carbon [1]. However, at the same time, fossil fuels constitute the major
energy source in the U.S. (~80%). Such energy dependence requires developing efficient combustion
processes and systems to produce clean energy from fossil fuels.
The emphasis of this research is towards developing and understanding the materials to elevate
the operating temperature and thus enhance the efficiency of gas turbines. Note that in 1997 the turbine
based power generation plants generated 25 billion kilowatts of electric power in the U.S. alone [2].
Therefore, increasing working temperature for gas turbines will mean a significant reduction of the
undesired emissions from combustion process and efficient power generation for utilization. However,
in order to meet this challenge to achieve this increment in temperature, new materials must be
developed or new strategies must be established.
The operating temperature and life cycles of the industrial turbines are mostly decided by the
available options for thermal barrier coatings (TBCs). These TBCs are coatings consist in different
layers of materials that produce a temperature drop on the base metal material of the turbine blades. The
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incorporation of such barrier coating can bring a temperature of the substrate down for as much as 139
ºC, and defend it against oxidation corrosion, and other environmental hazards that can cause failure [3].
Further improvement in the current gas turbine technology is, however, limited by the available options
for materials and surface temperature tolerance of the existing materials. Therefore, gas turbines require
novel materials to tolerate higher temperature and tougher environments, which necessitates the need for
new materials that can overcome the limitations of those current TBCs. For this reason, yttria-stabilized
Hafnia (referred to YSH, hereafter) is studied in this thesis with the challenging goal of evaluating the
materials for TBC applications. Specifically, the central theme of our research is focused on the YSHAlumina system, which simulates the key part of the integrated four layer TBC system and where most
of the common failures initiate.
1.1 Thermal Barrier Coatings (TBC’s)
Thermal barrier coatings (TBCs) play a critical role in diesel engines, gas turbines, and aerospace
technologies. The primary focus of this research is towards improved TBCs for industrial gas turbines
for efficient power generation systems. The TBC structure consists of several layers (multilayer stack)
with each of the layer a key capability to the system. Figure 1.1 presents a schematic image of a modern
TBC system, where the following are the key parts and their functionality:
Substrate: This part of the TBC system refers to the original base material with which the turbine
blade is made of. Nickel based super-alloy or stainless steel is very commonly used substrate material
[2]. Turbine blade materials need to tolerate high centrifugal forces caused by rotation, as well as the
high temperature of the exhaust gas of the combustion chamber. In the back of the substrate, cooling gas
flows in order to keep the material away from its tolerable temperature limit.
Bond Coat: This is an inner metallic layer with a typical thickness of ~150 µm. Bond coats
employed TBCs help the adhesion of top coat ceramic material. Two types of bond coat materials are
most common to TBCs. The most important one is MCrAlY deposited via plasma spraying, where M
2

corresponds to nickel or cobalt and Y incorporation helps the adhesion of the thermally grown oxide
layer [4]. The second type is Pt-modified diffusion aluminide, which is usually fabricated by
electroplating the substrate and then aluminizing by cementation or chemical vapor deposition [5]. This
layer provides oxidation resistance to the substrate and at the same time it brings a necessary roughness
that the top coat needs for adhesion. This layer is required due to the low or non oxidation resistance that
the top coat can provide to the system. The importance of this layer continues because of the fact that the
next layer in the system is the Thermally Grown Oxide (TGO) layer. The TGO layer is created when the
bond coat oxidizes [6].
Thermally Grown Oxide: It is created due to the oxidation of the high aluminum content of the
bond coat. Aluminum oxidation forms ~3µm α-alumina layer. This layer strongly influences the system
durability and it protects the substrate from oxidation and corrosion. Alumina is the preferred material
due to its adhesive superiority as well as its low oxygen diffusivity. Researchers have found that the
growth of TGO is essentially parabolic before spalling occurs behaving as the follows: h 2=2kpt; where
“h” is the thickness, “t” is time, and “kp” is the parabolic constant. Stresses formed in the TGO layer are
one of the most important reasons of TBCs failure. The stresses can occur upon cooling to ambient
temperature (3-6 GPa) and/or during the TGO growth (~1 GPa) [7].
Top Coat: The top coat is an insulating oxide layer with a thickness ~100-250 µm. The traditional
top coat material is generally 7-8% of yttria stabilized zirconia. The top coat layer requires a low thermal
conductivity in order to maximize the thermal drop as well as high in-plane compliance to solve the
mismatch coefficient of thermal expansion problem with the rest of the layers [6]. Generally, the top
coat layer is deposited via electron beam physical vapor deposition (EB-PVD) or plasma spraying [6-9].
In the EB-PVD process, ceramic material is evaporated from an ingot, creating columnar structures with
thermal conductivity values of 1.5-1.9 W/mK [9]. Plasma spraying on the other hand brings a lower cost
of fabrication with reported thermal conductivity ~0.8-1.0 W/mK [8].
3

Bond Coat – TGO Interface: The thermally grown oxide (TGO) – bond coat (BC) is of prime
importance in TBC configuration as revealed in numerous investigations and documented in the
literature [7,12,14]. The TGO-BC interface undergoes embrittlement due to the segregation of S that
comes from the substrate [4]. It was reported that the constituents of the bond coat (NiCrAlY) can
suppress but not eradicate the embrittlement. However, in the case of Pt-aluminide bond coat, none of
their component tended to absorb the S segregation, but they are more durable and have more life in
cyclic oxidation than NiCrAlY [10]. The variation of type of bond coat produces different properties on
the creation of TGO such tendencies for plastic deformation [7].
It is important to mention that the interface between TGO-BC has not been explored in depth in
order to understand the processes that this region can face, and the knowledge of the type of system is
explained more extensively in chapter 2.
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Figure 1.1 Schematic diagram for TBC system [adopted from ref. 63].

Thermal barrier coatings show different type of failure mechanisms, see for example the review
article by Evans et al. [7]. These failure modes can occur in five different modes [7], which are
schematically represented in Figure 1.2. However, these failure modes can be classified into three
categories [7]. The first one is caused by the depletion of spinels within the zone of TGO-bond coat or
between TGO-top coats [7]. This spinels present embrittlement in those zones causes the delaminating
of the constituents. The second mode is ruled by the attack of impact particles to foreign objects, which
damage and compress the TBC system [7]. This compression from outside forces causes internal
damage that contributes to ultimate failure [7]. The third is directly related to the TGO density energy
5

and its imperfection within the interfaces of TGO/top coat or TGO/bond coat nucleation that becomes
larger due to stresses caused by cycling of the TBCs [7]. These stresses increase in magnitude as the
TGO keeps growing or the cracks propagate [7]. In this case failure happens after a process that starts by
nucleation of cracks or imperfection in or near the TGO layer. Once the cracks are nucleated, stress
causes these cracks to extend and coalesce, but the TBC remains attached by ligaments. Afterwards
failure happens when the ligaments are separated, and this separation becomes big enough to cause large
buckling or spallation from the substrate [7].

Figure 1.2 Five major failure modes [7].
6

Figure 1.3 shows the failure evolution from the TGO-bond coat spallation due to thermal cycling
performed by Tolpygo et al. [11]. Thermal cycles were performed at 1150 ºC by duration of 1 hour and
after 12 minutes of cooling down. Micrographs represent TBC after (a) 25 hours, (b) 100 hours, (c) 150
hours and (d) 180 hours of the experiment [11]. The failure occurred corresponds to the third type of
failure mode, as mentioned earlier, where the crack or imperfection is presented. After thermal cycling
the TGO grows resulting in increasing the stresses that affect the system. After several cycles the
imperfections or cracks propagate and coalesce, and the top coat is only attached by ligaments that avoid
total spallation or buckling.

Figure 1.3 Failure of TBC system cause by isothermal thermo-cycling [11].
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1.1.1 TBC material’s history and future
The first use of TBCs started in 1950 inside aircraft components. The method employed was flame
spraying, which is then moved towards plasma spraying. The original material employed in the process
was alumina and zirconia stabilized by MgO or CaO. However, the durability of these coatings was
diminished by the high thermal conductivity of alumina and the destabilization of zirconia [12]. The
incorporation of NiCrAlY bond coat in the 1970’s was a great break through for TBC as well as the
incorporation of Yttria in the mid 70’s [27]. Similar to this the modification of the deposition system
from plasma spraying to EB-PVD for the top coat in the early 1980’s introduced a substantial
improvement [12]. As already mentioned, the most common TBC or top coat employed nowadays is
YSZ with a yttria content of 7-8% [27]. However, the limitation of this ceramic is its operating
temperature (<1473 K) for a long period of operation. Also, the vacancies of oxygen in YSZ help the
transport of oxygen throughout the top coat, helping to form TGO layer, but at the same time creating
ways for the spallation to exist [13]. The sintering process of the TBCs zirconia base has tended to have
a high elastic energy stored in the process causing premature failure [14]. All these disadvantages of
YSZ coatings have opened the door to new ceramic materials that can improve the life and operation
temperature of gas turbines. In the present case, yttria stabilized hafnia (YSH) has been the focus of our
attention. Properties and phenomena that make YSH a suitable TBC material are discussed in the
following sections.
1.2 Hafnium oxide (HfO2)
Hafnium oxide (HfO2), also called hafnia, is known for its high tolerance to high temperatures. It is
a high temperature refractory material with excellent physical and chemical properties, which makes
them promising for a wide variety of technological applications.. HfO2 exhibits various polymorphs.
One stable monoclinic phase and four metastable phases, cubic, tetragonal, orthorhombic I and
8

orthorhombic II, have been identified for HfO2. The stable structure of HfO2 is monoclinic under normal
conditions of temperature and pressure. It transforms into the tetragonal form when heated to at
temperatures higher than 1700 ºC. Further transformation into the cubic polymorphic form having the
fluorite structure takes place at 2700 ºC. In order to stabilize the cubic phase of the hafnium dioxide,
cation dopants such as Ca2+, Mg2+, Cr2+, Y2+ and rare earth ions have been used [16]. The inclusion of
these ions produces oxygen deficiencies that stabilize the tetragonal or cubic phase [16]. However, the
most interesting material is the one formed with yttrium oxide (Y3O2), which is usually referred to yttria
stabilized hafnia (or simply YSH, as referred in this work) [19]. As a thin film both hafnia an YSH have
promising applications in several different fields. The dielectric properties of hafnia thin filmsshowed
significant improvement for the phases of cubic and tetragonal [20]. Figure 1.4 presents the schematic
structure of hafnium oxide.

Figure 1.4 Structure of the different phases of hafnia; a) monoclinic, b) cubic, c) tetragonal [26].
Hafnia exhibits phase transformation upon temperature and pressure treatments. Figure 1.5 shows
the phase diagram proposed by Missalski in 1990 [21]. In this phase diagram it is clear not only the
transformations of hafnia, but also the transformation of pure hafnium. It is important to mention the
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transition from solid state to liquid state on hafnium oxide, which in this phase diagram is indicated at
the temperature of 2810°C, and for pure hafnium is at 2231°C.

Figure 1.5 Proposed phase diagram of the Hf–O system [21].
The phase change from tetragonal to monoclinic due to cooling in HfO2 is being well studied due to
the martensitic nature of this transformation. First noted by Wolten [22], several authors have
investigated this transition. It was found that the transformation starts and finishes at different
temperatures. Furthermore, the transformation is related to a volume expansion as well as to a shear
strain [16]. As already mentioned, this transformation is martensitic, meaning that it is diffusionless,
where all the atoms remain the neighbor of the same atoms of the last phase, suffering only minor shifts
[23]. Wolten reported the temperature range of the transition to be 1590 °C as the starting point and
1510 °C as the final point of the phase transformation [22]. However, other authors report different
temperature ranges such 1625 ºC to 1515 ºC, and 1620 ºC to 1520 ºC [16].
Several researchers have attempted to explain the mechanism of martensitic reaction; the two
main theories introduced are called “classical” and “non-classical”. Even though these two theories have
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been designed for zirconia, but due to the similar structure and chemistry with hafnia, they can be
applicable to both of them equally. Accordingly, the martensitic transformation requires nucleation, and
subsequent growth process, and that the nucleation is controlled by the material itself [24]. Nevertheless,
classical approach believes that the nucleation is heterogeneous, and that the formation of the
martensitic nucleus is a sudden process. They proved that the particle’s size has a relation with the
martensitic nucleation. On the other hand, “non-classical” argues that the nucleation is homogeneous,
and that the nucleation is stress assisted, due to all the microstructure defects, and thermal expansion
[25].
1.2.1 Hafnia Stabilization
The properties and phenomena of the high-temperature phases of hafnia are quite useful for many
applications. Such stabilization of the high temperature phase down to room temperature is possible by
doping certain elements or compounds into hafnia [16]. Lee et al. have performed calculation on several
different doping agents in order to provide information as to ‘which element can perform as a better
stabilizer for the respective phase.’ They worked with Si, P, Y, Ge, Gd, Al, Ti, Zr, and Sc with a doping
concentration of 3.125%. They called type-I (Si, Ge, Al,P, and Ti) to the elements with smaller ionic
radii than Hf and type-II to those with larger ionic radii such Y, Gd, and Sc. Their investigation showed
that the type-I agents tend to favor tetragonal phase stabilization while type-II works better with cubic
phase [26].
Many researchers have been studying various other possibilities to stabilize high temperature hafnia
phase. One of them is using compounds instead of simply ions to work as ‘phase stabilizers.’ Calcium
oxide (CaO) is a compound that was considered by Delamarre and Jorba to stabilize hafnia phases. They
found the cubic phase formation with the addition of >10 mol% of CaO and at a temperature of 1450 °C
[28]. Continuing this work, Stubican worked on a phase diagram which stipulates the phase limits of this
11

system, and the axis of the phase diagrams consisted on the amount of CaO added and temperature [29].
Magnesium oxide (MgO) was considered for the purpose of stabilizing cubic phase of hafnia [30]. For
this system, Lopato et al. established that the addition of 3% MgO into hafnia decreases the temperature
of the phase transformation from tetragonal to monoclinic by 100 ºC[30]. Also, they located three
eutectoid points at different molarities: 50% MgO at 2100 ºC, 18% MgO at 1500 ºC, 4.5% MgO at1725
ºC [30].
Stabilization of hafnium oxide via yttrium oxide (Y2O3 or yttria) is the most interesting part in the
context of present work. Figure 1.6 shows the phase diagram existing in the literature for Y2O3-HfO2
system. It is evident (Fig. 1.6) that monoclinic phase is possible at 2% Y2O3, and tetragonal is possible at
3% Y2O3 and 1600 ºC. The diagram shows that cubic phase of hafnia is possible at lower temperature by
the addition of more than 20% Y2O3. However, in this system, the transition from tetragonal to
monoclinic and from cubic to monoclinic is possible by varying the percentage of yttria [31]. Duran and
Pascual worked in 1984 with ytterbium oxide as a stabilizer agent for hafnia. They observed a large zone
of cubic solid solution of hafnium oxide extends from ~14 mo1% to 20 mol% Yb2O3 at 800 ºC and from
3.5 to 54 mo1% Yb2O3 at 2200 ºC. Furthermore, they found five invariant points for this system, four
eutectoid and one peritectic [32].
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Figure 1.6 Phase relationships in the HfO2- Y2O3 [31].
1.2.2 Hafnia based thin films and coatings
Hafnia coatings and thin films can be deposited via physical vapor deposition (PVD), sputtering
deposition, and chemical vapor deposition (CVD) [53,57-58]. The PVD methods include sputter
deposition, electron beam evaporation, plasma spraying and pulse laser deposition. From CVD methods
point of view, atomic layer deposition and metal organic chemical vapor deposition were employed for
hafnia related work [53,58]. However, it is well known that the electronic, thermal, and thermomechanical properties of HfO2-based coatings or thin films are highly dependent on the surface/interface
structure, morphology, and chemistry, which in turn controlled by the fabrication technique, growth
conditions, and post-fabrication processes. For the work presented in this thesis, sputter deposition was
employed for the reason of simplicity and ability to control the parameters for sample fabrication.
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1.2.3 Hafnia- zirconia comparison
The similarities between hafnia and zirconia are numerous to mention. Specifically, from
physics, chemistry and properties point of view, they are called twin oxides. The different phases and
the stability region of these two materials are presented in Table 1.1. More details can be found in a
review article [16].
Table 1.1 Hafnia and zirconia phases

Hafnia

Zirconia

Phases

Temp (ºC)

Temp (ºC)

Monoclinic

m > 1760

m < 1197

Tetragonal

1760< t < 2600 1197 < t < 2300

Cubic

2600< c <2810

2300 < c <2710

Zirconia and Hafnia exhibit fluorite structure at their cubic phase. However, even though their
best properties are with tetragonal and cubic phases, those cannot be achieved under room temperature
under normal conditions. Nevertheless the cubic and tetragonal phase in both materials can be stabilized
by doping cations such Ca2+, Mg2+, Cr2+, and Y2+ [16,26]. Another characteristic that makes the
zirconia and hafnia similar materials is that at their monoclinic phase and the lattice parameters. For
hafnia: a=0.5117 nm, b=0.51754 nm, c=0.52915 nm, and β=99.22º. For zirconia: a=0.5145 nm, b=
0.5208 nm, c= 0.5311 nm, β=99.23º [33]. For the present work, a difference melting points and thermal
conductivity are taken into account. Figure 1.7 represents several high temperature materials and their
respective melting temperatures. It is evident (Fig. 1.7) that both zirconia and hafnia have similar
thermal conductivity (~1.5 W/mK) but the melting point of hafnia is relatively higher.
14

Figure 1.7 Melting point vs thermal conductivity [34].
1.2.4 YSH and YSZ – oxygen vacancies
The focus of this research topic is towards materials for thermal barrier coating applications. In
order to be considered as a feasible material for TBC, a lower thermal conductivity as well as a small
coefficient of thermal expansion mismatch is critical. Figure 1.7 shows that the hafnia and zirconia
possess a very low thermal conductivity [36]. Nevertheless, the formation of the TGO suggests the
oxidation at the top-coat and bond coat interface. The oxygen vacancies that allow the ionic conductivity
are caused by the mismatch of the electron charges at the time yttrium substitute zirconium or hafnium
inside the lattice. Hafnium and zirconium both have positive +4 valance electrons and yttrium has only
+3. For this reason the overall charge of the system needs to be neutralized by producing oxygen
vacancies. The Kroger-Vink notation is expressed as follows:
(1)
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Where Y’zr is the yttrium content replacing zirconium with an apparent negative charge, Vo is the
oxygen vacancies generated, and Oo is the oxygen presented inside the lattice [35]. Figure 1.8 represents
the lattice structure of YSZ. The vacancy caused by the addition of yttrium is schematically presented in
Figure 1.8. It is important to mention that the increment of yttrium addition does not represent a
correlation of ionic conductivity because it has a saturation point where the conductivity decreases with
the increment of doping.

Figure 1.8 YSH oxygen vacancy.
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Chapter 2: Literature Review
2.1 Zirconia – alumina system
The attention paid towards the hafnia-alumina (HfO2-Al2O3) is meager in the literature.
However, the system between its sister compound zirconia and alumina is well studied. Perhaps, some
fundamental knowledge that can be derived from HfO2-Al2O3 may be useful to understand the hafniaalumina system. This thesis work is more focused towards the alumina and hafnia interfacial structure
due to the obvious reason that the interaction between these materials encountered inside a multi-layered
thermal barrier coatings system is of prime importance. Also, it must be noted that HfO2-Al2O3 interface
and the dependence that these materials have towards each other keep the substrate safe from corrosion
and high temperature damages. The original studies of zirconia and alumina were designated to toughen
alumina ceramics as Claussen and their co-workers presented [37], in order to improve the mechanical
properties of zirconium oxide. These authors reported the fracture toughness of alumina with dispersed
non-stabilized zirconia. Claussen also reported the mechanical properties of zirconia-toughened alumina,
but with the inclusion of partially stabilized zirconia [38]. Furthermore, Choi and Bansal experimented
with yttria stabilized zirconia and the inclusion of weight percent of alumina at the matrix of YSZ. They
employed 10 wt% of yttrium oxide as a stabilizer agent for zirconium, and inclusions of 0-30 wt% of
alumina. They reported an increment on elastic modulus, fracture toughness and microhardness, and a
decrement on the density of the compound. They reported that the effect of 10 thermal cycles (from 200
ºC to 1000 ºC) on samples with 30 wt% of alumina has no significant effect on the flexure strength of
the material [39]. Lokiza and Lopato constructed the phase diagram for the system constituted by Al 2O3Y2O3-ZrO2 inside the range temperatures from 1600 ºC to 2800 ºC [40].
Early attention to zirconia-alumina thin films and coatings is paid by the work on sputterdeposited materials [41,42]. Scanlan, et al. used amorphous alumina as an agent to provoke the retention
of tetragonal zirconia [41]. These authors fabricated variable zirconia nanolaminates, where alumina
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layers were kept at a constant thickness of 3.7 nm, using reactive sputter deposition [41]. Trinh, et al.
worked with radio-frequency sputter deposition to produce alumina-zirconia thin films [42]. The weight
percent of zirconia (4%, 10%, 27%) into alumina matrix was varied at temperatures of 450 ºC and 750
ºC. The findings were that the alumina thin film showed γ-alumina when it was deposited only from
pure alumina. After the introduction of zirconia, no crystal structure was present and the films turned out
to be amorphous, except for deposition of 27 wt% zirconia doping at 750 ºC where cubic phase zirconia
appeared at their XRD measurements [42]. Trinh, et al. showed the results for reactive direct current
sputtering, where they deposited alumina into zirconia matrix, varying the weight percent doped into
zirconia at a temperature of 300 ºC. They reported amorphous nature of films with amounts different
from 3 wt% alumina into zirconium oxide, where zirconia was presented in tetragonal phase [43].
Inside the TBC’s system alumina and zirconia are in contact and the interface of TGO-top coat.
Most of the studies of these two zones indicate that they are related to failure modes of the TBC system.
For example, Rosler et al. presented and study of the damage mechanisms of the TBC interfaces due to
the creep and swallowing of the TGO layer [44]. In the work of Tolpygo and Clarke, it was reported that
under thermal cycling at 1150 ºC, the zirconia based top coat presents wrinkling causing separation
between top coat and TGO [45]. Zhang et al. presented a study of the residual stress due to thickness of
the TGO layer presented inside of the interfaces of the TBC system (TGO/bond coat and TGO/TBC)
and they found that the initial residual stress between alumina (TGO) and YSZ (TBC) was tensile when
the thickness of the TGO zone was thin and then it becomes compression when the layer is relatively
thick [46].
Mao worked with TBCs, where aluminum oxide coating was deposited on top of a top coat
material [47]. A ~25 µm Al2O3 was deposited on top of an yttria stabilized zirconia top coat to avoid
corrosion of TBC against V2O5 particles contained on fuels. The author showed that the layer of alumina
protected yttrium inside YSZ top coat from mixing with V2O5 producing YVO4. This reaction depletes
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yttrium oxide from the YSZ matrix and causes destabilization of the top coat [47]. Similar to the work of
Mao, Keyvani et al. worked with the combination of alumina and zirconia to counteract the effect of
corrosion due to V2O5 by mixing the content of alumina inside of the top coat or by overlaying the YSZ
top coat with a layer of alumina [48].
2.2 Hafnia - alumina system
Similar to zirconia, the attention to HfO2-Al2O3 system is made to utilize hafnia as a toughening
ceramic. Wang and Stevens are the first to report on the toughened hafnia-alumina (HTA) [49]. They
calculated the fracture toughness and fracture strength of HTA with contents of hafnia varying from 5
vol% to 30 vol%, where the mixture was sintered at 1625 ºC and then heat treated to 1750 ºC for 30
minutes. The authors also notice a network of micro-cracks caused by the heat treatment at 1750 ºC;
however, these cracks were healed by post heat treatment at 1600 ºC for 30 minutes. The transformation
from tetragonal to monoclinic hafnia causes the micro-crack networks. This improves the fracture
toughness of the composite [49]. Alumina-hafnium system was also investigated for high temperature
application by Tien et al. [50]. These authors hot pressed a mixture of Al2O3-Cr2O3 with ZrO2-Hf2O3 in
order to improve the thermal conductivity of materials [50]. The phase diagram for alumina and hafnia
was presented in 1976 by Lopato, et al. for this mixture at the temperature range of 1800 to 2800 oC and
the variation of the molecular weight for both of the materials from 0 to 100% [51]. Continuing with this
work, Lysenko worked with the thermodynamic behind this mixture, and presented a phase diagram
similar to the one presented by Lopato, but the temperature ranges from 1600 °C to 2800 °C [52]. In this
diagram is clear, the mixture zone at 1600 to 1800 °C where both monoclinic hafnia and α-alumina
coexist, and hafnia changes to tetragonal phase at 1800 to 1900 °C, but the coexistence with α-alumina
persists [52]. Figure 2.1 shows the phase diagram discussed.
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Figure 2.1 Phase diagram presented by Lysenko [52]
Hausmann and Gordon worked with hafnia-alumina thin film system grown by atomic layer
deposition (ALD) [53]. It was reported that the inclusion of alumina reduces crystallinity and roughness
of the coatings [53]. Gabriel and Talghader worked with hafnia-alumina nanolamites deposited via ALD
with concentration ratios of above 100:5 (hafnia:alumina), where they obtained the thermal conductivity
and index of refraction for this nano-laminate [54].

2.3 Scope of the present work and research objective(s)
Due to the importance of cleaner and efficient energy sources the complete understanding of the
processes and materials of every step of energy storage and acquisition is required. For this reason it is
very important to understand the behavior of the interface of alumina and yttria-stabilized hafnia heterostructure within a thermal barrier coating system for utilization in gas turbine technology. The AluminaYSH simulates the TGO-TBC interface, which is the key for either enhanced stability or thermal
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degradation/spallation of the entire TBC system. As outlined throughout this chapter, the available
knowledge is incomplete, for that reason the main objective of this project is to bring the required
knowledge of the behavior and thermal properties of this YSH-Alumina system. The specific attention is
towards the YSH coatings sputter-deposited onto alumina substrate. At the same time analyzing the
crystal structure and phase evolution of YSH coating under variable thickness is the motivation. The
specific research objectives are:
1. Fabricate the YSH-coatings onto Alumina substrates with variable coating thickness
2. Understand the phase evolution and microstructure of the YSH coatings on Alumina
substrates as a function of thickness
3. Understand the failure mechanism and modes across the YSH-Alumina interface
4. Analyze thermal conductivity behavior as a function of YSH coating thickness
5. Understand the behavior and kinetics of thermal oxidation of the YSH-Alumina system
6. Derive models to predict the behavior of YSH-Alumina as applied to TBC system for
application in industrial gas turbines
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Chapter 3: Methodology
3.1 Substrates
Sapphire discs and silicon wafers were employed for depositing the Yttria-Stabilized Hafnia
(YSH) coatings. The substrates were purchased from University Wafer Inc. The dimensions of the
Sapphire substrates were 0.044 cm thick and 5.8 cm diameter. These wafers were then cut into pieces in
order to obtain smaller size substrates with an average surface area of ~2.5 cm2. The small pieces cut
from the wafer are used as the substrates on which the coating was deposited. The sapphire samples
were cleaned by a bath of 99.9% ethanol for 15 minutes, in order to remove oxides and impurities on the
surface of the substrate. P-type, Si (100) was employed; these wafers were cleaned with standard RCA
cleaning procedure to remove organic, inorganic and metal particulate contaminants. The following
steps were performed:
 SC1- Removal of insoluble organic contaminants using 5:1:1 H2O/H2O2/NH4OH mixture.


SC2- Removal of ionic and heavy metal atomic components using a solution of 5:1:1
H2O/H2O2/HCl solution
• Removal of native oxide by buffered oxide etches (BOE) solution (HF/H2O; 1:100).
The SC1 solution was prepared by heating 50 ml of Deionized water (DI) water to a temperature

of 100 ºC and then adding each 10 ml of NH4OH and H2O2 to the DI water. SC2 solution was prepared
by 10ml each of H2O2 and HCl to 50ml of water. The silicon substrates were soaked for 10 min in each
solution and followed by 5 min of DI water rinse after each soak. Finally, the silicon substrates were
treated with BOE to remove any native oxide on it.
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3.2 RF- Sputtering deposition system
Sputtering deposition is a process for depositing thin films that implicates the bombardment of a
target with energetic particles (positive gas ions), which causes surface atoms to be expulsed out of the
target. These atoms are then deposited on substrates as coating. This technique is broadly used in
semiconductor industries for fabricating thin films in Integrated Circuit (IC) processing application.
Sputtering deposition system consists of a pair of electrodes, the cathode that is located at the
target side and the anode where substrate is placed. A target is made up of the material that will be used
for thin film deposition onto substrates. The pair of electrodes is located inside the low pressure vacuum
chamber. The design of the vacuum chamber can change depending on the specific needs. The chamber
is filled with the sputtering gas, usually an inert gas such as Argon (Ar). Gas plasma is struck using an
RF power source causing the gas to become ionized. The ions are accelerated towards the surface of the
target, causing atoms of the source material to break off from the target in vapor form and condense on
all surfaces including the substrate [55].
After the samples were cleaned, the next step was introducing them inside the vacuum chamber
of the sputtering machine. The sputtering machine used was located in our Structure and Materials
Laboratory within the Mechanical Engineering Department. The entire set-up is as shown in Fig. 3.1.
The samples were collocated in the sample holder that is 8 cm away from the plasma gun. The chamber
was initially evacuated to a base pressure of ~0.21 mPa; however, the sputtering pressure was at ~0.5 Pa.
YSH target (5 cm diameter, 0.40 cm thick) (Plasmaterials Inc.) was used for sputtering; the target was
mounted on top of a copper plate. The composition of yttria in YSH was maintained at 7.5 mol% (7.5
YSH). The YSH target was placed in a 5.08 cm sputtering gun, which was cooled down with water with
the help of Polyscience recirculation water chiller. An initial sputtering power of 30 W was applied to
the target via the sputtering gun while introducing high purity argon (Ar) into the vacuum chamber
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causing plasma ignition. Once ignited, the power was increased to 100 W to deposit the coatings. The
flow of the Ar was controlled using MKS mass flow meter with the values of 20 sccm. Before each
deposition, the YSH-target was pre-sputtered for 10 minutes using argon keeping the shutter above the
gun closed to prevent cluster formation caused by the plasma ignition. The depositions were performed
at temperature of 400 ºC, the substrates were heated using the heater provided by the sputtering system,
and the temperature was registered using a K-type thermocouple located behind the sample holder. The
deposition time was varied from 30 min (0.5 hours) to 360 min (6 hours) in order to produce coatings
with variable thickness. Table 3.1 presents the entire set of samples manufactured using sputter
deposition.

Table 3.1 List of samples and conditions of deposition

Time

Temperature

Argon Flow

Substrates

30 min

400 ºC

20 sccm

Alumina & Si

1 hour

400 ºC

20 sccm

Alumina & Si

2 hours

400 ºC

20 sccm

Alumina & Si

4 hours

400 ºC

20 sccm

Alumina & Si

6 hours

400 ºC

20 sccm

Alumina & Si
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Figure 3.1 Sputtering deposition system
3.3 Characterization
The characterization and morphology of the samples were analyzed employing X-Ray diffraction
(XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), and Rutherford
Backscattering spectrometry (RBS).The objective of the characterization is to obtain information on the
crystal structure, phase evolution and stability, and surface/interface structure and morphology.
3.3.1 Rutherford Backscattering Spectrometry (RBS)
Ion beam analysis of the YSH samples was performed to understand elemental depth
distribution. Rutherford backscattering spectrometry (RBS) experiments were carried out in the
accelerator facility at the Environmental Molecular Sciences Laboratory (EMSL) within the Pacific
Northwest National Laboratory (PNNL). The RBS experiments were performed at the National
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Electrostatic Corporation (NEC) RC43 end station. Rutherford Backscattering was performed using a
3.0-MV tandem electrostatic accelerator that provides two stages of acceleration (negative ion
acceleration from the source end to the terminal in the middle and positive ion acceleration from the
middle to the high-energy end). The final energy depends on the charge state of the ion [56]. The
accelerated ions are focused through the high-energy beam line using a magnetic quadrupole and a yaxis electrostatic steerer. The helium ion source used for this analysis was the radio frequency RF
(Alphatross) plasma which accelerated helium ions to the sample to be analyzed in the end station where
ion-scattering measurements are performed in the second level using a fixed-position detector at a
scattering angle of 150° for RBS spectrometry. The analysis was performed using a helium beam with
an energy of 2000 KeV in an incident angle α =7°, the exit angle β =15°, a scattering angle θ=150° and a
detector resolution of 20 KeV. A schematic of the set up is depicted in Figure 3.2.

Figure 3.2 RBS schematic diagram [56].
The fitting of the obtained data was simulated using SIMNRA software. This characterization
tool enables the user to find a very accurate weight percent composition given in concentration or area
density. The thickness of the thin film was also calculated using this tool.
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3.3.2 X-Ray Diffraction (XRD)
XRD is an analytical technique in which x-ray beam hits the surface of a substrate at various
incident angles scattering preferentially oriented x-rays into detector which collects them to generate
crystallographic information about the sample. XRD principle is based on Bragg’s law, which is:

(2)

where n is an integer, λ is the X-ray wavelength, d is the interplanar distance, and θ is the Bragg’s angle.
To avoid interference by the substrate and obtain diffraction pattern of the coatings, we
performed grazing incidence X-ray diffraction (GIXRD) on the YSH coatings on sapphire substrates.
Bruker D8 Advance X-ray diffractometer (Figure 3.3, 3.4) was the device employed to obtain the
GIXRD patterns. All the measurements were made ex-situ as a function of coating thickness. GIXRD
patterns were recorded using Cu Kα radiation (λ = 1.5 05

) at room temperature. A high voltage of

40 kV was used to generate the X-rays. The GIXRD patterns were recorded employing the X-ray beam
fixed at a grazing incidence of 1°. The scanning was performed in a 2θ range of 15−70° using the
“detector scan” mode, where the detector was independently moved in the plane of incidence to collect
the diffraction pattern. The step size and the scan speed were 0.05° (2θ) and 5°/min, respectively. For
these set of conditions, the X-ray beam passes sufficiently long distances through the coating to provide
the observed diffraction patterns. The data was acquired and analyzed using EVA software in order to
compare the XRD peaks and check for the crystal structure and lattice parameters.

The XRD

measurements were performed systematically after each and every step of the characterization procedure
i.e., the deposition and thermal cycling of the samples. Furthermore, residual stress analysis was
performed by modifying ψ-angle using GIXRD technique.
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Figure 3.3 Front view and stage of the XRD system

Figure 3.4 Full view of the XRD system

3.3.3 Scanning Electron Microscopy (SEM)

The samples were mounted on top of a small circular stage of 1 inch diameter. Carbon tape was
used to avoid any kind of electrical disturbance from the circular metallic stage. However, a piece of
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copper tape was added to each sample in order to make electron flow easier. The SEM provides images
at different magnifications of the samples. These SEM images provide a better understanding of the
grain size as well as the morphology of the coating. The machine used for this experiment is the Hitachi
S-4800 electron microscope (Figure 3.5). Samples were mounted in an epoxy based system in order to
analyze the cross-section of the samples deposited on alumina. For this application, the sample was
clamp at 90º and introduced in a bath of epoxy. After the epoxy was solidified, it was polished until the
sample was visible and the cross-section view was cleared.

Figure 3.5 Hitachi S-4800 SEM

3.3.4 Transmission Electron Microscopy (TEM)
In order to understand the interface of the coatings and the substrates, Transmission Electron
Microscope (TEM) was employed. This machine allows further understanding of the behavior of the
coatings due to its magnification.
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3.3.4.1 Sample preparation

In order for the sample to be capable of showing any kind of image from the Transmission
Electron Microscope (TEM), it needs to be prepared in a certain way that it can be transparent and allow
the electron beam passage. The first step of sample preparation was to bond the YSH sample between
two glass slides of 25 mm x 50 mm x 1mm and glue them together with epoxy (Loctite Quick Set).
After letting them dry for 24 hours, the sample is cut using a diamond metal bonded wafering blade of 5
in x .015 in x .5 in mounted on the linear precision saw (IsoMet 400), cutting the samples with a
dimensions of 2 mm x 25 mm x 2.05 mm. Those smaller samples are deposited inside of small brass
pipes of 30 mm of length and 3 mm of diameter and glued inside the pipe using the same epoxy that
bonded the pieces of glass with the sapphire. After 24 hours, the samples are dried and then the brass
pipe is cut using the same blade as before but now with a length of 1 mm.
The round shape samples are sanded and polished in order to make them transparent. The
process is started by polishing using the water polisher (PoliMet 1000), and different set of grit silicon
carbide paper of 8 inches in diameter. The samples were glued to a metallic round base of one inch in
diameter and 2 inches in length using on instant adhesive (Loctite 460) which is soluble on acetone. This
fact makes the polishing of the samples on the both sides easier. The final thickness of the samples after
polishing needs to be ~50 µm. The final polish of the sample is done inside the vacuum chamber of the
Precision Ion Polishing System, where the sample thickness is reduced to ~10 micron making the
sample suitable for experimentations in the TEM system.
3.3.4.2 Transmission Electron Microscopy (TEM) Analysis

The experiment was performed inside the Hitachi TEM H-9500 (Figure 3.6). The samples are
mounted inside the vacuum chamber of the TEM; the current varies between a range of 15-20

30

micrometers, and a voltage of 130 kV. Images from the cross-sectional view of the samples are taken
with the help of the machine.

Figure 3.6 Hitachi TEM H-9500.
3.5 Thermal cycling & isothermal oxidation measurements
The YSH coated sapphire samples were exposed to extreme environments such as thermal shock
and are forced to face isothermal oxidation. For this experiment the samples were tested inside of a high
temperature furnace with cycling option (Rapid Temp. Furnace C.M. Inc.). The furnace possesses a
platform where the sample is located. Sample can be moved up and down depending on the application.
Up position is where the furnace (heating) is located and down is where the cooling occurs. The set up
of the furnace allows the experiment to follow the conditions:
1. The temperature will rise until it reaches the set temperature of 1300 ºC. In this experiment the
ramping time was set at 10 degrees per minute to a final time of 130 min.
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2. After the temperature reaches 1300 ºC, the samples will stay there for periods of five hours; this
period of time will be valid until the sample has reached their saturation point for oxidation gain.
Afterwards, the time of the experiment was increased to 20 hours. The sample is weighted at the
beginning of the experiment and after each cycle in order to measure the amount of oxide
accumulated in the process.
3. After the sample has completed the designated experiment time, they were brought to
room temperature forcing the sample to thermal shock behavior.
The same as with the heat treatment, the samples were contained inside of alumina crucibles, the
temperature was provided by a thermocouple that is located in the middle of the furnace platform.
Figure 3.6 shows the actual furnace utilized to perform the already mentioned experiments

Figure 3.7 Thermal-cycling furnace
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Chapter 4: Results and Discussion
The central theme of this research is to understand the growth behavior, phase evolution,
microstructure, and thermal properties of the YSH coatings on Alumina substrates as a function of
coating thickness. For this purpose, YSH coatings were grown by varying the deposition time and
studied their structural, morphological, and thermal properties. The results obtained are presented and
discussed below in the following sequence. The crystal structure, phase analysis, morphology and
chemical composition of the YSH coatings is evaluated using GIXRD, RBS and SEM results. Thermal
properties of the YSH coatings were determined using thermal conductivity and thermal oxidation
measurements. Finally, the observed dependence of structure and thermal properties on the coating
thickness is explained on the basis of the relative phase changes in the coatings as a function of
thickness. An attempt is made to establish a correlation between growth conditions, microstructure, and
thermal properties of the YSH coatings.
4.1 Coatings’ thickness, crystal structure, grain size and composition
Thickness values of the YSH coatings grown are an important physical parameter in the present
work. Rutherford backscattering spectrometry (RBS) measurements allowed us to determine thickness
values of the coatings as a function of variable deposition time. Thickness values obtained using RBS
analyses are represented in Figure 4.1, where thickness values are plotted against time of deposition.
These thickness values were also measured and validated by the cross-sectional SEM and Ellipsometry
analysis although the results are not presented and discussed in this section. It is clear from Fig. 4.1 that
the initial value for 30 minutes of deposition is ~50 nanometers (51 nm from RBS data). After two hours
the thickness follows a linear trend ending with a total thickness of 900 nm for the sample deposited for
a maximum time of 6 hours. These values were obtained after fitting the experimental RBS curves
obtained by SIMNRA, where the height and the width of the peaks represent a correlation with the
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respective elemental concentration and thickness of the samples. The detailed procedure is discussed
below.

Figure 4.1 YSH coating thickness vs. deposition time

The Rutherford backscattering (RBS) spectra YSH coatings are shown in Figure 4.2. The data
shown are for samples grown under variable deposition time in the range of 0.5-6.0 hours. To avoid
complexity of aluminum (Al) and oxygen (O) in the alumina substrate interfering with the elements in
the YSH coating, the samples grown on silicon substrates were employed for RBS measurements and
analyses. The Si peak will not interfere with any of the elements in the coatings and makes fitting the
data and composition estimation accurate.

The backscattered ions observed were due to various

elements, and the positions are indicated by arrows for the experimental spectrum. The scattering from
Hf, which is the heaviest among the elements present either in the coating or substrate, occurs at higher
backscattered energy (1600 keV) as shown in RBS curves (Fig. 4.2). The measured height and width of
this peak is related to the concentration and thickness distribution of specific atoms in the YSH coating
and serves as a calibration check for composition and thickness since known Rutherford scattering cross
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section and experimental parameters can be used to calculate this height and width. As seen Fig. 4.2, the
step edge and peaks due to ion backscattering from Si (substrate) and O atoms (film) are observed at
1100 and 660 keV, respectively. The composition and thickness of the films were determined by
simulating the experimental spectrum for the set of experimental conditions. The procedure utilized to
derive the chemical composition of the grown films is represented for all the samples (Figure 4.2). The
experimental curve (circles) along with the simulation curve (lines) calculated using SIMNRA code is as
shown in Figure 4.2. In this case the analysis does not start at zero due to the presence of the substrate in
the experiment, and it is clear that the peak continues at the left side of the plot because of the thickness
of the substrate is considered significantly higher than the coatings.
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Figure 4.2 RBS data of YSH coatings grown on Si subsrtates. The experimental curves obtained and the
SIMNRA fitting curves are shown. The peaks due to various elemens present in the coating
and substrate and their respectiave energy positions are as inidicated.

The simulated curve was calculated using SIMNRA code for the fixed set of experimental
parameters: (1) incident He+ ion energy, (2) integrated charge, (3) energy resolution of the detector, and
(4) scattering geometry. It can be seen in Figure 4.2 that the simulated curves (solid line) calculated
using the experimental parameters is in good agreement with the experimental RBS spectra. This
observation indicates that coating composition is reasonably simulate the spectra and, hence, provides
the estimate of composition of the coating. Table 4.1 presents the atomic percentage of the elements in
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the coating. The existence of all of the components for YSH as well as the small increment on the
content of yttrium is clear.
Table 4.1 Atomic percentage of the constituent elements in the coatings

Deposition Time

Oxygen (%)

Hafnium (%)

Yttrium (%)

30 min

68.65

29.36

1.99

1 hour

66.8

30.47

2.71

2 hours

66.67

30.1

3.24

4 hours

68.69

26.5

4.88

6 hours

66.01

27.63

6.35

The crystallography and phase change of yttria-stabilized hafnia is well known based on the
results presented by Stubican in his phase diagram publication presented in Figure 1.3. From this
diagram we can expect that the crystallography of the YSH samples deposited for this investigation to be
inside the zone where monoclinic and cubic phases are presented, due to the deposition temperature of
400 °C and the doping of 7.5% Yttria [31]. However, it should be noted that the structure and phase at
the nanostructure dimensionality can be different and quenching of high temperature phase and
stabilization down to room temperature has been reported in the case of zirconia. Therefore, a detailed
structure and phase analysis has been made on the grown YSH coatings using XRD studies. The XRD
plots obtained are presented in Figure 4.3 and Figure 4.4 where the appearance of the representative
peaks for monoclinic and cubic phase are present. Nevertheless, the phenomena of phase evolution due
to change in thickness is presented. The monoclinic phase is noted initially and subsequently phase
transformation to cubic structure occurs and stabilized for continued deposition or coating thickness.
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Figure 4.3 XRD data of YSH coatings. The cubic HfO2 reference peak positions are as indicated.
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Figure 4.4 XRD data of YSH coatings. The monoclinic HfO2 reference peak positions are as indicated.
It has been demonstrated for YSH coatings exhibiting the preferred (1 1 1) orientation for cubic
phase [57]. However, the variable was the temperature of deposition and not the thickness [57]. Rauwel,
et al. showed that the minimum amount of yttria needed to trigger cubic phase transformation in hafnia
is 6.5% [58]. Therefore, the amount of yttria employed in the present work (7.5 %) can be taken as just
more than sufficient to stabilize the cubic phase of hafnia. However, in our experiments the orientation
also changes. The YSH coatings eventually exhibit the dominant orientation along (2 0 0) for the cubic
structure. It is important to mention that the first appearance of cubic phase is oriented towards (1 1 1)
while the peaks corresponding to the orientation (2 2 0) and (3 1 1) are present or evolved with
increasing coating thickness. These diffraction peaks are present throughout the rest of the XRD results
except for the thinner samples. On the other hand, for the ~50 nm sample, the presence of monoclinic

39

structure is dominant as is evident from Fig. 4.4. The dominant peak corresponds to diffraction from (-1
1 1) planes. This (-1 1 1) peak is present for the ~174 nm thick coatings as well.
Phase evolution as observed in these experiments can be understood based on the interaction
between substrate and coating at smaller thickness values. The influence of the substrate lattice
orientation on the adatoms from the target material may be dominant in the early stages of YSH coating
growth. This phenomenon causes the atoms to start stacking in certain orientation then start coalesces
towards its final crystal structure. Obviously, in this case of increasing thickness it is (2 0 0) oriented
cubic phase, which corresponds to the direction. Perhaps, minimization of internal strain-energy for the
coating may be the driving force for such preferred orientation. According to Ikuma and Virkar, fracture
toughness for monoclinic hafnia is higher than the one presented in its cubic phase. Nevertheless, it is
important to mention that the yttrium oxide doping is different as well as calculated for bulk materials
instead of coatings. However, the increment from cubic to monoclinic is ~1 MPa(m1/2) ending with a
value of ~2 MPa(m1/2) for cubic, and ~3 MPa(m1/2) for monoclinic [59]. This evolution on YSH is
taking into account at the time of crack propagation for TBC’s system; it will indicate an improvement
to crack resistance due to the fact that YSZ reports a 1-2 MPa(m1/2) [60].
The coherently diffracting domain size or grain size (dhkl) was determined from XRD data. It is
possible to determine the grain size by the integration of the integral width of the diffraction line using
the well known Scherrer equation, which is:
(3)
where K is the shape factor (in this case 0.9, from Gaussian approximation), λ is the wavelength, β is the
width of the peak at is half intensity, θ is the angle where the peak is located, and as already mentioned
dhkl is the size. These calculations were made after background subtraction and correction for
instrumental broadening. The grain values obtained as a function of YSH coating thickness are shown in
Figure 4.5. These values were further analyzed and compared using SEM images as reference while the
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results are discussed in the later section. The increment in the grain size was expected from the XRD
plots due to the fact that the peaks become slightly sharper with increasing coating thickness. The
broader XRD peaks correspond to smaller size grains. In the present case, the final values were
calculated by considering the presence of all the peaks in XRD curves.

Figure 4.5 Coherently diffracting domain size vs. thickness

In order to analyze the presence of each phase in grown YSH coatings as a function of increasing
thickness, the intensity of all the peaks corresponding to either cubic or monoclinic phase in the XRD
curves were analyzed. Figure 4.6 shows intensity plot of the YSH coatings with variable deposition
time, which changes the coating thickness progressively. IT is evident that when YSH was completely
monoclinic, the intensity of the peaks found were not strong compared to the intensity found when the
cubic structure. This low intensity and broader nature of peaks from monoclinic phase is also reflected
on the coherently diffraction domain size and in the SEM images. Figure 4.6 (a) compares the total
intensity of the monoclinic versus cubic phase of the YSH coating as a function of increasing deposition
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time. In this case, total intensity is referring to as the sum of the highest point of each of the peaks
shown for increasing deposition time. It is clear from this plot that the cubic phase is predominant and
intensity is saturated after two hours of deposition. This suggests that the minor component of the
monoclinic phase present during the early stages of deposition totally disappears after a thickness
exceeding 150 nm. Nevertheless, in Figure 4.3 it is clear that at two hours the transition from (1 1 1) to
(2 0 0) orientation influences the magnitude of the total intensity. It is also noticeable that the overall
intensity for monoclinic phase improves in the first one hour deposition while the principal crystal
structure is cubic. This is assumed to be caused by the appearance of a small (1 1 1) monoclinic peak
next to the (1 1 1) cubic peak that add some magnitude to the overall monoclinic intensity. The
calibrated or phase percentage of monoclinic versus cubic in YSH coatings is plotted against deposition
time in Figure 4.5 (b). It is evident that the monoclinic phase is 100% during early stages of YSH
coating growth while cubic phase saturates to 100% by the two hours of deposition.

Figure 4.6 a) overall intensity for the XRD plots; b) phase percentage vs. time of deposition
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4.2 Surface and interface structure
It is noted that the surface morphology of the YSH coatings is also a function of coating
thickness. Figure 4.7 presents the SEM data highlighting the morphology of the samples as a fucntion of
deposition time. It is clear (fig. 4.7) that the morphology is also changing as a fucntion of coating
thickness. The visible change noted is the grain size increasing with increasing coating thickness. The
shape of the grains started as circular grains, and after two hours of deposition the shape of the grains
changed into triangular grains. The triangular shape of morpohology this has already been noticed in
previous work [57]. Ramana, et al. showed this kind of morphology at 400 ºC with a thickness value of
~90 nm; however, the major crystal structure influencing was cubic with (1 0 0) orientation [57]. In the
same way, triangular shape grains have also been reported by Matsumoto, et al. where they used YSH
coating for TBC’s system [34]. After 4 hours of deposition the grains became difficult to appreciate, and
the precipitations started to form.
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Figure 4.7 Morphology of the YSH samples deposited on alumina with different deposition times

The cross-sectional SEM images highlighting the YSH coatings structure are shown in Figures
4.8 and 4.9. These images validate the approximated thickness of the YSH coatings as determined by the
RBS measurements (Figure 4.1). At the same time, it is clear that the YSH coatings present a dense
columnar structure. This kind of structural growth is expected for samples grown by sputter deposition.
The two samples are 2 hours and 1 hour of deposition and the measured thickness from SEM are ~510
nm and ~150 nm, respectively. In this case, roughness takes an important role due to the fact that the
RBS is able to detect those increments on thickness that may not be easy to appreciate under pure
microscope. Figures 4.8 and 4.9 correspond to ~174 nm and ~540 nm samples, respectively. It is
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important to mention that these cross-section images were obtained using the coatings deposited onto
silicon wafers because that facilitated the imagining process and avoid the electron charging of the SEM.

Figure 4.8 SEM cross-section image for ~174 nm sample
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Figure 4.9 SEM cross-section image for the ~ 540 nm sample.
4.3 YSH-alumina system – thermal properties
In order to determine the interfacial phenomena between the TGO and top coat inside a thermal
barrier coating, the thermal properties for the system is of primary importance. The data obtained for the
thermal conductivity of the YSH coatings as a function of thickness are plotted in Figure 4.10.
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Figure 3.10 Thermal conductivity values vs. thickness for the YSH coatings
It is clear the initial value of thermal conductivity for YSH thickness value below 100 nm is higher.
The value obtained in this case is ~7.3 W/mK, and this value is attributed to the substrate dominance. It
should be noted that the thermal conductivity of alumina is lot higher compared to YSH. After the initial
thickness, thermal conductivity drops quickly and attains a value of <2 W/mK, which is ideal for
thermal barrier coating utilization. At the same time, it is important to mention that the obtained values
for more than 500 nm is less than <1 W/mK. The thick coatings only possess a value of 0.63 W/mK; this
will mean an improvement to the standard YSZ thermal conductivity, which is ~2.3 W/mK [34]. This
reduction in the thermal conductivity values for YSH coating is caused by the presence of oxygen
vacancies already explained by the addition of yttria, as well as the columnar structure because of the
production of phonon to phonon scatter inside the lattice. Also, the highest value for the thin sample is
caused by the penetration depth of the mechanism employed for the calculation of this property as well
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as the fact that the alumina substrate effect is dominant under the given thickness of the coating which is
smaller. Note that the thermal conductivity of pure Alumina is 25-35 W/mK depending on the purity and
specific phase. It is, therefore, clear that the thermal reduction behavior in the YSH coatings as relevant
to TBC application in gas turbines can be realized only at length scales far from the YSH-Alumina
interface. In other words, the cubic phase YSH top coat with considerable thickness (on the scale of
several microns) exhibits the lower thermal conductivity to protect the underlying turbine blade.
However, the inhomogeneous thermal behavior can always be seen at the interface (as indicated by the
arrow marks in Figure 4.10). The implication for practical applications can be understood as follows.
With prolonged operation at higher temperatures, the TGO (alumina) continues to grow at the interface
and becomes dominant in reducing the overall thermal conductivity. As a result, thermal induced
stresses originate at the interface. These stresses and associated strain is responsible for the ultimate
spallation of the top coat at the TGO-TBC interface.
A separate set of samples were subjected to isothermal oxidation measurements. The results
obtained from these experiments are presented in Figure 4.11. The weight gain obtained after 100 hours
is presented, and the values for this gaining are not larger than 4 milligrams. Nevertheless, it is clear that
with increment on deposition time, or in this case coating thickness, the weight gain in these
experiments is further reduced indicating the higher oxidation resistance of the YSH coatings. Also, for
all samples, the oxidation is saturated after several hours of high temperature cycles. Furthermore, that
saturation happens faster for the thicker samples; this saturation is obvious due to the lack of non-oxide
elements reservoir. The data clearly indicate that cubic, thicker YSH coatings on Alumina exhibit higher
oxidation resistance than the monoclinic, thinner YSH coatings.
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Figure 4.11 Weight gain after isothermal oxidation test for 100 hours of experiment
The oxidation of the samples was also proven by simple physical examination of the samples
after testing. The change in color that the samples showed, making alumina go from transparent to
white, and making the coating easy to see indicates thermal oxidation. In order to determine the effect of
the oxidation test on the sample one of the samples was observed in the SEM to see any discrepancies
on the sample. The sample used was the one deposited for 4 hours after 100 hours, and the images for
the cross-section of this sample are shown in Figure 4.12.
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Figure 4.12 a) 20 µm cross-section image b) 1 µm image for YSH coating on alumina after 100 hrs of
oxidation test
From Figure 4.12 a) we can see that the alumina substrate presents crack all around due to the
thermal cycling of the samples and that at the edge of the sample the presence of the coating is observed.
In this case the thickness of the coating was calculated to be 540 nm, and from the Figure 4.12 b) we can
appreciate a small increment on the sample’s thickness caused by the oxidation of the alumina substrate.
The bright zone (as mentioned in the image) corresponds to the coating, and the black area next to it is a
void caused by the preparation process followed.
TEM images were obtained for YSH samples deposited on alumina, before and after exposure to
1300 ºC. Figure 4.13 and Figure 4.14 represent the TEM image for the sample as-deposited and after
1300 ºC, respectively. The images revealed the change in the cross-section of the samples. In these
images, it is clear that after exposure the coating part of the images became darker and puckered. On the
other hand, as-deposited samples show less wrinkles and the transparency of the coating was present.
This darkening of the image after 1300 ºC is caused by the rearrangement of the atoms after the addition
of extra energy that allows relaxation of the coating. In this case, the sample employed for this
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experiment was the one with thickness value of ~54 nm, and it is clear that the substrate suffer some
change as well because it changed its original color as well as in the coating section that suffer the same
color change.

Figure 4.13 TEM image for the 30 min YSH coating as-deposited
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Figure 4.14 TEM image for the 30 min YSH coating after 1300º C

It is important to mention that these properties values can change inside an actual TBC system
due to the difference between α-alumina sintered and the one created by oxidation from the bond coat
layer [61].
4.4 Residual stress
Thermal barrier coatings experience too high stresses caused by the high centrifugal forces inside
turbines. Therefore, the residual stress that the coatings experience is fundamental to avoid any
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unexpected failure. In this case the residual stress in the YSH coatings was determined using XRD and
calculated using the following equation:
(4)
where do is the lattice spacing when ψ=0, σ is the residual stress, E is young modulus of the material, υ
is the poison ratio, ψ is the variable tilting angle of the sample, α is the angle between the substrate
surface and the hkl plane of the material, and dαψ is the lattice spacing at the variable ψ angle [ 2]. In
this case the residual stress is calculated by obtaining the slope from the plot of dαψ- do/ do vs. cos2αsin2ψ
because the slope of this will end up to be (1+υ/E)σ. Figure .15. shows the dαψ- do/ do vs. cos2αsin2ψ
plot and the result for the residual stress in table 4.2.

Figure 4.15 Residual stress results for the ~900 nm sample
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Table 4.2 Properties and residual stress values of the YSH coatings

(200) plane
used (d-do)/do
value

E

υ

(1+ υ)/E

Slope

Stress (GPa)

219.56

0.3

.0059

-0.0419

-7.076

The sample employed in this case is the one with thickness value of ~904 nm, for the reason that
it’s the one that presents the final relaxation of its crystal structure and because it should present the
smallest amount of residual stress. Nevertheless, the number obtained is too big to be consider as
optimum for TBC employment, but it is caused by the fact that the thickness of these coatings are
relatively smaller than the one that are actually used for TBC’s utilization. The residual stress is
expected to increase to the reduction in thickness values caused by the lack of spacing for the atoms to
arrange in their optimum and preferred plain (2 0 0).
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Chapter 5: Conclusions
YSH coatings deposited on alumina were examined in order to understand the TGO-Top coat
interface inside TBC system, proposing YSH as the suitable top coat material for enhancing the high
temperature tolerance and improving the efficiency of gas turbines. YSH coatings were fabricated by
varying the deposition time in order to produce coatings with variable thickness. An important
phenomenon (phase evolution) was observed caused by the employing thickness as the dependent
variable for deposition, and the properties of this evolution of the coating were studied. Phase evolution
for YSH coating takes place at coatings deposited for thickness values thinner than 100 nm, where the
transformation from monoclinic to cubic phase is presented. This phenomenon is attributed to the effect
of the substrate into the first adatoms deposited, and after the effect of the substrate is eliminated cubic
phase prevails. However, the relaxation of the atoms is completed after more than 4 hours of deposition
where the plane (2 0 0) is the dominant. SEM images for the morphology of the samples indicate also
that the effect of the substrate into the coating is present, and after certain thickness the morphology
forms precipitation type grains. Cross-section SEM images show columnar structure growth for the
samples deposited using sputter deposition system that can signify a reduction in the thermal
conductivity of the coatings,
Thermal conductivity for the sample indicate the feasibility of YSH to be consider as the next
generation TBC, due to its low values compared to the actual top coat material (YSZ) that posses a
value ~ 2 W/mK. Furthermore, isothermal oxidation test proves that YSH coating show saturation gain
weight after several hours of experimentation without a pool of unoxidizes material pool, and that the
effect of coating thickness help the prevention of oxidation on the substrate. This oxidation caused by
the thermal cycling of the samples was shown to exist via SEM cross-section, where the sample shows
an oxidation layer behind the coating. Clearly, YSH shows reduced thermal conductivity and enhanced
oxidation resistance, which are important for their utilization in industrial gas turbines. Table 5.1
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represents a summary of all the properties and structure for all the samples with thickness as the
independent variable.
Table 5.1 Summary of results
Time

Thickness (nm)

Preferred Crystal Preferred
Structure

Orientation

Plane Thermal
Conductivity
(W/mK)

30 minutes
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Monoclinic

-1 1 1

7.40

1 hour

174

Cubic

111

1.22

2 hours

540

Cubic

111

0.63

4 hours

727

Cubic

200

0.78

6 hours

904

Cubic

200

0.63
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Chapter 6: Future Work
In order to determine the capability of YSH coating, as a suitable material for TBC more
understanding of the interface between top coat and TGO needs to be performed starting with the
following experiments.
1. The calculation of the residual stress, for more thickness value needs to be performed
2. Calculation of the elastic properties of the interface of the material
3. Change the deposition temperature, as well as other deposition variables in order to optimize the
coating.
4. Testing inside a combustion chamber to simulate actual exhaust gasses from the combustors of
the turbines.
5. Compare the proposed interface YSH-alumina against YSZ-alumina to determine which material
will be the best option.
6. Finite element analysis of YSH-Alumina system.
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